PSD-95-like, disc-large (DLG) family membrane-associated guanylate kinase proteins 24 (PSD/DLG-MAGUKs) are essential for regulating synaptic AMPA receptor (AMPAR) 25 function and activity-dependent trafficking of AMPARs. Using a molecular replacement 26 strategy to replace endogenous PSD-95 with SAP97β, we show that the prototypic β-27 isoform of the PSD-MAGUKs, SAP97β, has distinct NMDA receptor (NMDAR)-28 dependent roles in regulating basic properties of AMPAR-containing synapses. 29
Introduction 47
receptors were precipitated with a 70 μl NeutrAvidin-agarose (Thermo Scientific) slurry 221 overnight at 4°C, then washed with 0.1%SDS-RIPA buffer three times. NeutraAvidin-222 agarose-bound receptors were eluted into the sample buffer (6 M Urea, 0.8 M β-223 mercaptoethanol, 6%SDS, 20% glycerol, 25 mM Tris-HCl, pH 6.8, 0.1% bromophenol 224 blue). Biotinylated receptors were detected by western blot analyses. The levels of 225 surface receptors and internalization ratio were compared by normalizing the signal to 226 that of GFP-expressing lentivirus infected sister cultures with equal protein loading. 227
Antibodies were used at 1:500 dilution with anti-GluA1 (Abcam), anti-SAP97 228 (Neuromab), and anti-TFNR (Invitrogen); at 1:1000 dilution with anti-PSD-95 (Thermo 229 Scientific), and at 1:5000 dilution with anti-tubulin (Sigma). IRDye 800CW and 680LT 230
Secondary antibodies (Licor) were used at 1:5000 dilution for detection on an Odyssey 231 IR laser Scanner (Licor). One-way ANOVA followed by a Tukey-Test was used for data 232
analyses. 233 234

Results
235
SAP97β rescues the decrease in mini frequency caused by PSD-95 knockdown 236
To study the effect of SAP97β on basic synaptic properties, we overexpressed 237 SAP97β while concurrently knocking down the expression of endogenous PSD-95 using 238 a lentivirus-mediated molecular replacement strategy in CA1 neurons in organotypic 239 hippocampal slice cultures (Schlüter et al. 2006) . We recorded miniature AMPAR 240 excitatory postsynaptic currents (AMPAR mEPSCs) simultaneously from pairs of cells 241
consisting of an infected cell and an uninfected neighboring cell. We used a newly 242 developed routine, adapted from (Phillips et al. 2011) , to analyze mini data by comparing 243 the distributions of mini amplitude and frequency of mini events. Consistent withprevious studies, acute knockdown of PSD-95 (by sh95) decreased mini frequency and 245 did not affect mini amplitude ( Figure 1A , values and subsequent mEPSC analyses 246 values were shown in Table 1 ). The mini frequency of neurons with PSD-95-to-SAP97β 247 replacement was maintained at a level similar to that of uninfected neighboring cells, and 248 the mini amplitude was increased ( Figure 1B ). SAP97β replacement therefore rescued 249 the effects of acute knockdown of PSD-95, restoring mini frequency to baseline levels. 250
This rescue of mini frequency could be due to an effect on either release probability or 251 the number of active synapses. To test whether the presynaptic release probability was 252 affected by the manipulations of scaffold proteins in the postsynaptic neurons, we 253 measured the paired pulse ratio (PPR) of postsynaptic responses from simultaneously 254 recorded pairs of an uninfected neuron and an infected neighboring neuron. The paired 255 pulse stimulation was delivered to the Schaffer Collateral afferents with a 50 ms inter-256 stimulus interval. Neither acute knockdown of PSD-95 nor the PSD-95-to-SAP97β 257 replacement affected the PPR (sh95, n = 17 pairs, uninfected, 1.29 ± 0.08, infected, 1.31 258 ± 0.12, p > 0.5, Figure 1C ; PSD-95-to-SAP97β replacement, n = 15 pairs, uninfected, 259
1.31 ± 0.07, infected, 1.27 ± 0.10, p > 0.5, Figure 1D ). Consistent with previous studies 260 ( Schlüter et al. 2006) , these results suggest that the postsynaptic manipulations do not 261 influence presynaptic release properties with these expression and recording conditions. 262 Therefore, the effects on mini frequency by acute knockdown of PSD-95 and by to-SAP97β replacement were most likely due to changes in the number of active 264
synapses. 265 266
The SAP97β−mediated rescue in mini frequency is dependent on NMDAR 267 activityPrevious work has shown that the SAP97β-mediated rescue of the reduction of 269 eEPSCs induced by PSD-95 knockdown depends on NMDAR activity (Schlüter et al. 270 2006) . We therefore asked whether both the rescue of mini frequency and the increase 271 in mini amplitude depend on NMDAR activity. We analyzed mini events in slices treated 272 with D-APV to block NMDAR activity (treated from the day after virus injection until the 273 time of recording). Chronic D-APV treatment in organotypic slice cultures increased both 274 mini frequency and mini amplitude in CA1 pyramidal cells (Figure 2A ). Neurons with 275 knockdown of PSD-95 had significantly lower mini frequency and mini amplitude compared 276 to their uninfected neighbors ( Figure 2B ). The mini frequency in neurons with PSD-95-to-277
SAP97β replacement was lower than that of simultaneously recorded uninfected 278 neighboring neurons, whereas the mini amplitude was not significantly different ( Figure  279 
2C). 280
To test whether the difference in mini frequency was due to changes in release 281 probability, we measured PPR from simultaneously recorded infected and uninfected 282 neuron pairs. With the chronic D-APV treatment, the PPR was not affected by the 283 knockdown of PSD-95 or the PSD-95-to-SAP97β replacement (sh95, n = 15 pairs, 284 uninfected, 1.42 ± 0.10, infected, 1.58 ± 0.10, p > 0.05, Figure 2D ; SAP97β replacement, 285 n = 21 pairs, uninfected, 1.61 ± 0.11, infected, 1.54 ± 0.10, p > 0.5, Figure 2E ), suggesting 286 that these molecular manipulations do not influence presynaptic release properties. The 287 changes in mini frequency are most likely due to changes in the number of active 288 synapses. Overall, our results suggest that the rescue of active synapse numbers by 289 PSD-95-to-SAP97β replacement is dependent on NMDAR activity. This NMDAR-290 dependent rescue of active synapse numbers can account for the NMDAR-dependent 291 rescue of AMPAR eEPSCs by PSD-95-to-SAP97β replacement in previous studies 292
( Schlüter et al. 2006) . 293
SAP97β rescue of mini amplitudes is not fully dependent on NMDAR activity 294
We next examined the effect of SAP97β on mini amplitudes. We observed a 295 decrease in mini amplitudes in neurons with knockdown of PSD-95 and with chronic 296 treatment of APV. This decrease was rescued in neurons with PSD-95-to-SAP97β 297 replacement, which showed mini amplitudes at similar levels to those in simultaneously 298 recorded uninfected neurons ( Figure 2C ). However, these neurons did not exhibit 299 increased mini amplitudes relative to control neurons ( Figure 1C ), in contrast to the 300 results observed without APV. These results suggest that the effect of PSD-95-to-301 SAP97β replacement on mini amplitudes is at least partially independent of NMDAR 302 activity, as it could rescue mini amplitudes even during NMDAR blockade. However, 303 because mini amplitudes did not increase compared to control neurons when NMDAR 304 activity was blocked, these results suggest that NMDAR activity is required for PSD-95-305 to-SAP97β replacement to enhance mini amplitudes. These findings suggest a complex 306 dependency on NMDAR activity, where SAP97β can rescue mini amplitude to baseline 307 levels independently of NMDARs, but not enhance it further. 308 309
SAP97β replacement increases mini amplitude via recruiting GluA1-homomeric 310 receptors 311
Previous studies have suggested that SAP97 specifically interacts with the C-terminus 312 of the GluA1 subunit and facilitates trafficking of GluA1-containing AMPARs to the neuronal 313 surface (Leonard et al. 1998; Rumbaugh et al. 2003) . We therefore tested whether this 314 increase in mini amplitudes was sensitive to NASPM, an AMPAR receptor blocker that 315 specifically blocks calcium permeable, GluA2-lacking (presumably GluA1-homomeric) 316
AMPARs. Slices were treated with 10 or 50 μM NASPM for 30 minutes before recording, 317
and NASPM was present throughout the recordings. We found that NASPM treatment 318 blocked the increase in mini AMPAR amplitudes seen previously in neurons with PSD-95-319 to-SAP97β replacement, but did not influence the mini frequency ( Figure 2F ). These results 320 suggest that in neurons with PSD-95-to-SAP97β replacement, all active synapses 321 contained a proportion of GluA2 containing heteromeric AMPARs at the comparable level to 322 that in uninfected control neurons. However, they also contained a small proportion of 323 GluA1-homomeric receptors, leading to the increase in mini amplitude. 324
Our results so far show that SAP97β replacement of endogenous PSD-95 specifically 325 maintains the number of active synapses dependent on NMDAR activation, while its 326 effect on enhancing the unitary synaptic response is not fully dependent on NMDAR 327 activity. The enhanced unitary synaptic response most likely is due to an increase in the 328 number of NASPM-sensitive AMPARs at each active synapse, whereas the number of 329 NASPM-insensitive AMPARs remains at control levels. of endogenous PSD-95 blocked this increase ( Figure 2B ). 346
We next tested the NASPM sensitivity of mini amplitudes, and found that with PSD-95-347
to-PSD-95α replacement, NASPM treatment blocked the increase in the amplitude of 348 AMPAR mEPSCs but did not affect the increase the mini frequency, similar to PSD-95-to-349 SAP97β replacement ( Figure 3C ). These results suggest that PSD-95-to-PSD-95α 350 replacement recruits GluA1 homomeric receptors to active synapses, as was seen with 351 PSD-95-to-SAP97β replacement. GluA1 levels compared to GFP infected cultures, even though there was a trend of 374 decrease with acute knockdown of PSD-95, and a trend of increase with PSD-95-to-375
SAP97β and PSD-95-to-PSD-95α replacement ( Figure 4A and B, SAP97β replacement v.s. 376 GFP, p > 0.05, n = 10, 1.22 ± 0.28; PSD-95α replacement v.s. GFP, p > 0.05, n = 10, 1.31 377 ± 0.31; sh95 v.s. GFP, p > 0.05, n = 9, 0.83 ± 0.31, one-way ANOVA, followed by Tukey 378 Test). Although acute knockdown of PSD-95 did not significantly influence the total GluA1 379 level, the manipulation significantly decreased surface GluA1 levels as measured using 380 a biotinylation assay in dissociated cortical neuron cultures ( Figure 4C and D, sh95 v.s. 381 GFP, p < 0.05, n = 7, 0.55 ± 0.10, one-way ANOVA, followed by Tukey Test), correlated 382 with the decrease of synaptic AMPAR-mediated response measured in slice culture 383 preparations. PSD-95-to-SAP97β replacement rescued the decrease of surface GluA1 384 levels caused by acute knockdown of endogenous PSD-95 ( Figure 4C and D, PSD-95-to-385 SAP97β replacement v.s. sh95, p < 0.05, n = 8, 1.23 ± 0.15, one-way ANOVA, followed by 386 Tukey Test). In contrast, the influence of PSD-95-to-PSD-95α replacement on surface 387
GluA1 levels was not as pronounced (PSD-95-to-PSD-95α replacement v.s. sh95, p > 388 0.05, v.s. GFP, p > 0.05, n = 8, 0.85 ± 0.10, one-way ANOVA, followed by Tukey Test). 389
Acute knockdown of PSD-95, PSD-95-to-SAP97β or PSD-95α replacement did notinfluence surface TFNR levels when compared to GFP-infected neurons ( Figure 4C and 391 E, sh95, n = 7, 1.23 ± 0.15; SAP97β replacement, n = 8, 1.29 ± 0.09; PSD-95α 392 replacement, n = 8, 1.33 ± 0.07, one-way ANOVA). Constitutive endocytosis of GluA1-393 containing receptors was also not affected by acute knockdown of PSD-95 or 394 replacement with SAP97β or PSD-95α when compared to GFP-infected neurons ( Figure  395 4F and G, sh95, n = 6, 0.91 ± 0.25, p > 0.05; SAP97β replacement, n = 6, 1.32 ± 0.43, p > 396 0.05; PSD-95α replacement, n = 6, 1.10 ± 0.40 p > 0.05, one-way ANOVA). These results 397
suggest that PSD-95-to-SAP97β replacement may rescue the decrease of synaptic 398
AMPARs caused by loss of PSD-95 by rescuing surface GluA1-containg AMPARs, 399 whereas PSD-95-to-PSD-95α replacement may have significant impact on synaptic 400
AMPARs rather than on total surface AMPAR levels. 401
402
Discussion 403
Taken together, we show that PSD-95α or SAP97β have overlapping but distinct effects 404 in regulating AMPAR synaptic properties. First, SAP97β-mediated rescue of active synapse 405 numbers is dependent on NMDAR activity, whereas PSD-95α-mediated rescue is not. 406
Notably,, the effect of PSD-95-to-PSD-95α replacement on AMPAR synaptic transmission 407 was not as pronounced during NMDAR blockade as it was in the control condition. This 408 difference may be due to the significant increase in the mEPSC amplitude and frequency 409 in uninfected cells in the APV-treated condition ( Figure 3A) . We did not detect significant 410 
